Flow cytometry with fluorescence activated cell sorting (FACS) was used to purify Cryptosporidium oocysts and Giardia cysts from water. With this purification step Cryptosporidium and Giardia were found in a higher percentage of the samples and significantly higher Giardia concentrations were detected in these positive samples. Because FACS removed most of the debris from the concentrated water samples, the microscopic preparations could be examined more rapidly for the presence of (oo)cysts and the morphological characteristics of the (oo)cysts could be interpreted more unambiguously than with the conventional immunofluorescence microscopy method. The use of FACS made it possible to apply PI-staining on environmental samples to determine the fraction of dead (oo)cysts. Sample processing did not appear to influence the PI-staining characteristics of the Cryptosporidium oocysts, but did increase the percentage of PI-positive Giardia cysts. This suggests that this protocol can be used for determining the percentage of dead Cryptosporidium oocysts in environmental samples. Analysis of environmental samples suggests that reservoir storage increases the percentage of PI-positive (dead) oocysts.
INTRODUCTION
Current detection techniques for Cryptosporidium oocysts and Giardia cysts in water samples consist of the filtration of large volumes of water, elution of particles and (oo)cysts from the filter material, concentration of (oo)cysts by centrifugation and flotation and staining of the (oo)cysts with monoclonal antibodies specific to the (oo)cyst wall, labelled with fluorescein. The stained samples are examined with epifluorescence microscopy for particles that have the morphological and fluorescence characteristics of (oo)cysts. The recovery of the filtration/centrifugation/flotation method is low (Clancey et. al., 1994) and the microscopic examination is hampered by the presence of debris, other micro-organisms (algae) and autofluorescing particles in water samples. The identification of (oo)cysts is therefore labour-intensive and inaccurate. Flow cytometry with fluorescence-activated cell sorting (FACS) can facilitate this step of the detection method (Vesey et. al.,1994) . The flow cytometer can discriminate MAb-stained (oo)cyst-like particles on the basis of light-scatter and fluorescence characteristics and separate these from the debris particles prior to microscopic confirmation. This results in purified water concentrates in which it could also be possible to use vital staining assays on the concentrated (oo)cysts. Uptake of propidium iodide (PI) has been reported to correlate with the inability to excyst in vitro for both Giardia cysts (Smith and Smith, 1989) and Cryptosporidium oocysts (Campbell et. al., 1992) . For Giardia cysts, the uptake of PI also correlated with the inability to infect mice (Schupp and Erlandsen, 1987) . Exclusion of PI, on the other hand, did not correlate with the ability of Giardia to excyst (Smith and Smith, 1989) . So, uptake of PI can be used as an indicator of cell death for Cryptosporidium oocysts and Giardia cysts. PI (and DAPI: di-amidino-phenyl-indole, used as help-stain for the identification of Cryptosporidium oocysts) are however non-specific stains and cannot be used in the conventional assay, since most biological particles in water concentrates stain with both fluorochromes, resulting in microscopic preparations with very high background fluorescence. The aim of this study was to evaluate the use of the incorporation of a flow cytometer with FACS in the processing of water samples for the detection and vital staining of Cryptosporidium oocysts and Giardia cysts.
MATERIALS AND METHODS

Protozoa
Purified oocysts of a (cervine/)ovine Cryptosporidium parvum strain were obtained from Moredun Animal Health Ltd, Edinburgh, Scotland (MRI). Purified Giardia lamblia cysts, of a human isolate maintained in gerbils, were obtained from PRL Dynagenics, Phoenix, USA.
Sampling and processing
Samples of 10-100 l of sewage and secondary effluent, 200 l of river water or 1000-2000 l reservoir water were collected and processed as described by LeChevallier et. al. (1991) . The final concentrate was siphoned down to approximately 2 ml, gently suspended, filtered through a 25 mm polycarbonate membrane filter (1.2 µm pore size) and stained with monoclonal antibodies specific for Giardia (Giardia-Cel IF test; Cellabs Diagnostics, Brookvale, Australia) and Cryptosporidium (Detect IF Cryptosporidium; Shield Diagnostics, Dundee, UK).
Recovery efficiency
To determine the recovery efficiency of the detection methods, water samples were seeded by injection of a Cryptosporidium oocyst suspension and a Giardia cyst suspension in the filter inlet hose during sampling. The concentration of cysts and oocysts in these suspensions was determined before every seeding experiment.
Sample processing for flow cytometry
Samples for flow cytometry analysis were processed identically up to the final concentration. The final concentrates were siphoned down to approximately 300 µl and gently resuspended. 100 µl of each undiluted monoclonal antibody was added to the samples, and the mixture was incubated at 37 °C for 30-45 min. After staining the samples were diluted to 10 ml with phosphate buffered saline (PBS: 0.01 M, pH 7.2) with 0.1% (w/v) sodium dodecyl sulphate (SDS) and 0.1% (v/v) Tween 80 and centrifuged for 10 min at 1080 x g. Samples were siphoned down to approximately 300 µl and resuspended. Samples were then filtered through 35 µm mesh filters to remove sand and other large particles. . Even at an analysis speed as high as 20,000 -30,000 cells per second, which is often required for the concentrates with huge amounts of debris particles, the FACSort was able to sort all particles specified by the sort region if put in the "recovery" sort mode. The sheath fluid consisted of isotonic saline (FACSFlow; Becton Dickinson cat.no. 342003). The signals used for sorting were forward angle light scatter (FSC) and FITC fluorescence (FL1), because this signal combination gave the best discrimination between stained (oo)cysts and debris. Instrument controls (photomultiplier tube voltage, amplifier gains) were optimised so that stained oocysts and cysts appeared at the top of a FSC-FL1 (log-log) dot plot. These instrument settings were stored and recalled in subsequent analysis. In the FSC-FITC dot plot a sort region was defined that included both oocysts and cysts. All particles with fluorescence and light scatter characteristics of oocysts and cysts were sorted directly onto1.2 µm 25 mm polycarbonate membrane filters. Filters were placed on microscope slides, embedded and examined for the presence of (oo)cysts. Before each use, the instrument alignment, settings and performance were checked by running CaliBRITE FITC Flow Cytometer Beads (Becton Dickinson cat. no. 349502) and a positive control sample with stained Cryptosporidium oocysts. The beads were to give narrow peaks in a FSC and a FL1 histogram at a fixed signal level and the oocysts were to appear as a tight cluster at fixed signal levels in a FL1-FSC dot plot.
Flow cytometry and cell sorting
PI/DAPI staining
After processing, prior to cell sorting with the flow cytometer, the sample concentrates were pre-treated in acidified Hanks' Balanced Salt solution and stained with PI (1 g.l -1 ) and DAPI (2 g.l -1 ) for 2 hours as described by Campbell et. al. (1992) . MAb-FITC conjugate was added in the last 30-45 min. of this incubation time.
Microscopy
Microscopic preparations were examined using a Zeiss Axioskop epifluorescence microscope fitted with x 10 eyepieces and x 25 oil and x 100 oil Plan Neofluar objectives, with dichroic mirror and filters for FITC (blue 09), PI (green 15) and DAPI (UV 02). Slides were examined for the presence of (oo)cysts. Cryptosporidium oocysts were defined as spherical shapes with an apple green fluorescence of the oocyst wall and a diameter of 3-7 µm. Giardia cysts were defined as oval to spherical shapes with an apple green fluorescence of the cyst wall and a size of 5-15 x 8-18 µm.
Statistical analysis
To evaluate differences between concentrations obtained with the direct method and the method with the FACSort, an analysis of variance was performed on 10 log transformed concentrations using Microsoft Excel 7.
RESULTS
The appearance of the microscopic preparations made with and without the FACSort was very different. While filters made with the direct method contained large amounts of particles (micro-organisms and other colloids) and background fluorescence, filters made with the FACSort showed a much lower number of particles that could be individually assayed since they were not obscured by other particles. In unseeded samples, the FACSort method yielded more positive samples: cysts were detected in 16/17 samples and oocysts in 10/17 samples, while the direct method yielded only 14/17 and 8/17 positive samples for cysts and oocysts respectively. The use of the FACSort also resulted in higher concentrations: for Cryptosporidium oocysts in seeded river and seeded sewage samples especially (Fig. 1A) , and for Giardia cysts in all water types tested, both with the seeded and natural samples. For Giardia cysts the sensitivity improvement was most profound at low concentrations of cysts in natural river water samples and in sewage and seeded sewage samples: the FACSort method detected up to 84 times more cysts than the direct method (Fig.  1B) . Using all samples that were positive to compare both methods in an analysis of variance, the Giardia-concentrations found with the FACSort method were overall significantly higher (P=0.03) than with the direct method. For Cryptosporidium this difference was not significant (P=0.32). Staining of the water concentrates with PI and DAPI prior to cell sorting with the FACSort resulted in filters on which the staining characteristics of the individual (oo)cysts could be examined without interference from other particles. PI could therefore be used to determine the fraction of dead cells in environmental samples. However, during sample processing, the (oo)cysts are exposed to various steps that may affect their viability. To determine if any of seeded sewage effluent seeded effluent river seeded river reservoir the processing steps had an effect on the PI-staining characteristics of (oo)cysts, seeding experiments were performed on every sample-processing step independently. Settled sewage was processed by centrifugation, sonification, flotation and washing with PBS/Tween/SDS. Before each processing step, Giardia cyst and Cryptosporidium (oo)cyst suspensions with known PI-staining characteristics were seeded to a fraction of the sample. The percentage of Cryptosporidium oocysts that stained with PI was not affected by centrifugation, sonification, flotation or washing (Fig. 2) . The percentage of Giardia cysts staining with PI (nonviable cysts), however, was increased after sonification and, to a lesser extend, after flotation or washing of the sample. PI-staining of Giardia cysts in processed water samples would therefore not reflect the staining characteristics of the cysts in the sampled water. Sorting of Cryptosporidium oocysts that are stained with PI and the MAb-FITC conjugate with the FACSort did not influence the percentage of PI-positive oocysts. The percentage of PI-positive oocysts in natural surface water samples was determined at two sites: at the inlet (river water) and outlet of three subsequent storage reservoirs with a residence time of five to six months. Thirteen samples were taken at both sites from March-August 1995. As the oocyst number per sample was low, data from all samples were pooled. Nine of 23 oocysts (39%) detected in the river water samples were PI-positive. After reservoir storage, 19 of 25 oocysts (76%) were PI-positive. 
DISCUSSION
The results clearly demonstrate that incorporation of fluorescence-activated cell sorting improves the sensitivity of the immunofluorescence detection method for Giardia and Cryptosporidium in water samples: the FACSort method yielded more positive samples for both protozoa and higher Giardia concentrations than the direct microscopic method. The FACSort could separate fluorescing (oo)cysts from most Cryptosporidium Giardia other particles in concentrated water samples. The microscopic preparations were much more easily and rapidly screened for the presence of the parasites. The removal of most of the debris also made it easier to evaluate the morphological features of the (oo)cysts, and thereby to discriminate between characteristic and non-characteristic fluorescing particles. The difference between the methods for Cryptosporidium detection was not as distinct as for Giardia and was most pronounced in seeded samples. Seeded samples contained brightly fluorescing oocysts, while naturally contaminated samples also contained oocysts with a weak fluorescence. Weakly fluorescing oocysts may have fallen below the lower FL1-treshold level of the sort region, even though the FACSort sort region is set broadly around the cluster of the Moredun MRI Cryptosporidium oocysts. A weak fluorescence of these oocysts is probably caused by a reduced number of epitopes that can react with the monoclonal antibody. This can be the result of strain differences in the reactivity with the monoclonal antibody or by changes in the oocyst wall when oocysts are exposed to environmental stress. In environmental surveillance, these weakly fluorescing oocysts may go undetected by both methods. This study showed that the FACSort made it possible to apply PI-staining on environmental samples to determine the fraction of dead (oo)cysts. Sample processing did not appear to influence the PI-staining characteristics of the Cryptosporidium oocysts, but did increase the percentage of PI-positive Giardia cysts. This suggests that the combination of FACSort and this protocol can be used for determining the percentage of dead Cryptosporidium oocysts in environmental samples, but not for Giardia cysts. This type of data is essential for determining the validity of viability assays on environmental (oo)cysts, and should preferably include also various strains and ages of (oo)cysts. Although the total number of oocysts detected was low, the data on environmental samples suggest that reservoir storage increases the percentage of PI-positive (dead) oocysts. The purification with flow cytometry may also prove useful as pre-treatment for cell culture and PCR assays to concentrate the (oo)cysts and remove toxic or inhibitory compounds in the concentrated water samples.
